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Abstract 
This paper reports on the investigations conducted on the evolving microstructures and the dry 
sliding wear of the laser deposited Ti6Al4V/Cu composites. Some selected process parameters 
were used for the experiments. The laser powers were chosen between 1300 W and 1600 W; 
scanning speeds were selected between 0.30 m/min and 0.72 m/min while other parameters are as 
specified in the experimental matrix. It was found that all the composites produced showed good 
and high-quality microstructures and they exhibited very low or no fusion zones which were as a 
result of the selected process parameters used. The α-phase region of the composites was found to 
be harder than the β-phase region. During the composites cooling, the β-phase field transformed 
to the basal planes of the hexagonal α-phase thereby creating a lower diffusion coefficient of the 
α-phase as compared to the β-phase counterpart. The Ti6Al4V/Cu composite produced at a laser 
power of 1397 W and a scanning speed of 0.3 m/min was found to show the lowest percentage of 
wear volume and coefficient of friction; and happened due to the martensitic structure formed 
during cooling. Results obtained showed that the poor abrasive wear of titanium alloy has been 
improved with the addition of copper into their lattices. 
Keywords:  dry sliding wear, laser metal deposition; microstructures; Ti6Al4V/Cu composites; 
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1. INTRODUCTION 
The poor wear behavior of titanium and it alloys have made them to undergo several surface 
treatment and alloying by introducing one or more additives to improve their mechanical properties 
and life span in service. The structural alloy hand book described that these alloys have established 
restricted functionality in the mechanical engineering applications due to their poor tribological 
properties for example poor fretting behavior, high coefficient of friction and poor abrasive wear 
resistance. These limited properties of the alloy can be improved by smearing the surface 
treatments with coatings [1]. A component in the aerospace engine made of BT20 titanium alloy 
was repaired. The morphologies of the worn surface exhibit heavy plowing and plastic deformation 
during dry sliding. The repair made on the worn part consists of close packed hexagonal α-phase 
structure as a result of the martensitic transformation caused by laser cladding [2]. The hardness 
and wear behavior of pure titanium was improved with the addition of Si, Al and (Si+Al) 
individually. The composites were formed via laser surface alloying and was reported that the 
hardness of the titanium based alloys was increased by two to four times. The wear results also 
showed that TiSi has the lowest wear loss among other alloys [3].The perfection in the mechanical 
properties of titanium and its alloys such as strength have been greatly accomplished through the 
addition of alloying metal composites [4, 5]. Little percentage of Cu has been added to Ti6Al4V 
alloy at varying laser power during laser deposition process to improve the hardness of the 
Ti6Al4V/Cu composites [6]. In the case of oxygen diffused composites, the wear resistance can 
be improved by less than 10 or equal to that of the untreated commercial titanium, but the friction 
was high and unbalanced [7]. There are four main mechanisms stipulated that could be used to 
improving the tribological behaviour of titanium alloys and these are: reducing the coefficient of 
friction, hardness increment, the induction of a compressive residual stress and increase in the 
surface roughness of the material [8]. A research work was conducted on Ti-Cu composites and 
revealed that the precipitation strengthening and the solid solubility of Cu in Ti was reduced as the 
temperature decreases, and there exist an intermetallic compound Ti2Cu in their composites [9]. 
The cast Ti-Cu alloys with the optimism of developing their alloys for dental casting have better 
mechanical properties than the unalloyed commercially pure titanium [10]. The deposition of Ti-
Cu-N on the titanium for implant was made; the wear resistance and the anti-bacterial effect of the 
composites were improved [11]. The fretting and wear behaviours of commercially pure titanium 
and Ti6Al7Nb alloy have been improved and the composites are strongly dependent on the 
inclined angle, the number of cycles, the imposed load, and the properties of the material used 
[12]. Fairly an integral number of studies have been conducted on laser metal deposition (LMD) 
of commercially pure titanium, Ti6Al4V composites with other metals, but Ti6Al4V/Cu 
composites are very few in the literature. However, the main aims of this research work describes 
the exploration on the evolving microstructures and wear behaviour of Ti6Al4V/Cu composites in 
which some of the selected process parameters predicted by the design of experimental runs on 
the preliminary studies are used for the deposition. 
 
2. EXPERIMENTAL TECHNIQUES 
The research work was conducted using the laser techniques and was conducted at the National 
Laser Centre of Council of Scientific Industrial Research (NLC-CSIR), Pretoria, South Africa. The 
LMD of the composites was accomplished on the Ytterbium Laser System equipment (YLS-2000-
TR). The system runs at a maximum power of 2.0 kW and uses a Kuka robot for its task. 
2.1. Materials and Methodology 
A 99.6 % square plate made of titanium alloy grade 5 with a volumetric dimension of 102 X 102 
X 7.54 mm3 was used as the substrate. The substrate was grit blasted in other to fascinate the 
surface. After the grit blasting, the substrate was sanitized with acetone and dehydrated. The two 
powders used for this experiment are Ti6Al4V and Cu powders with particle sizes varied between 
150 and 200 µm. The powders were fed from two different hoppers and flow through the hose 
connections to the nozzle end with the aid of the carrier gas (Argon gas) that created the 
atomization.  
Figure 1 shows the physical appearance of the deposited composites and labeled from 1 to 7 and 
represents DE1 to DE7. 
 
 
Table 1 shows the process parameters used for the experiments. The parameters were selected 
from the preliminary studies after running a design expert program. 
Table 1: Experiment matrix 
Sample 
Name 
Laser 
Power 
(W) 
 Scanning 
Speed 
(m/min) 
Powder Flow Rate 
(rpm) 
Gas Flow Rate 
(l/min)  
Ti6Al4V Cu Ti6Al4V Cu 
DE1 1600 0.59 2.4 0.1 2.95 2.0 
DE2 1600 0.63 2.4 0.1 2.95 2.0 
DE3 1582 0.72 2.4 0.1 2.95 2.0 
DE4 1600 0.50 2.3 0.2 2.95 2.0 
DE5 1397 0.30 2.3 0.2 2.93 2.0 
DE6 1576 0.60 1.8 0.2 2.90 2.0 
DE7 1600 0.59 1.8 0.2 2.90 2.0 
DE8 1397 0.30 2.4 Nil 2.90 Nil 
 The sample names were listed from DE1 to DE8. The itemized samples named in Table 1 from 
DE1 to DE7 are having the combination of Ti6Al4V and Cu while DE8 is for Ti6Al4V alloy (Cu 
excluded). The beam diameter of 4 mm and a nozzle standoff distance of 12 mm were used in the 
experiment. According to E3-11 ASTM standard [13], all the samples were grinded, polished and 
etched. 
2.2. Microstructure 
Prior to optical microscopy observation, the Kroll’s reagent was prepared with 100 ml H2O, 2-3 
ml HF and 4-6 ml HNO3. This was prepared according to Struers application note of metallurgical 
preparation of titanium [14]. The samples were etched for 10 - 15 seconds, sprinkled with acetone, 
rinsed under clean running water and dried off. The microstructures of all the etched samples were 
observed under the BX51M Olympus optical microscope.  
2.3. Dry sliding wear tests 
The dry sliding wear test was carried out on the micro tribometer module, CETR UTM-2 operating 
with linear reciprocating motion drive. This method of testing employs a flat lower specimen and 
a ball-shaped upper specimen made of 9.5 mm diameter tungsten carbide ball that slides against 
the samples and move relatively to one another in a linear, back and forth sliding motion under a 
prescribed set of condition. A load of 25 N is applied uprightly downward through the ball 
specimen and moved perpendicularly against the horizontally mounted samples; stroke length of 
2 mm; oscillation frequency of 5 Hz and test duration of 1000 seconds were selected for the 
operation. The dry sliding wear tests were carried out on the deposited Ti6Al4V/Cu samples 
according to the ASTM G133-05 [15] for determining the sliding wear of metals. Figure 2 shows 
a distinctive typical outline of a wear process that was carried out on the samples and showing the 
width and length of wear. The wearing tool is stationary and the sample rubs against its tip. 
 
2.4. Wear volume characterization 
The wear volume was calculated from the length of the stroke, the width of the wear scar and the 
depth of wear (groove) that were made on the surface of the deposited samples. 
As shown in Figure 2, the volume of wear can be measured within the wear region. Both equations 
(1) and (2) were used to calculate the wear volume or wear loss. 
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Where Vw is the wear volume; Ls is the stroke length; Rp is the pitch radius; W is width of the wear 
scar and Wd represents the wear depth. 
According to Qu and Truhan [16], equation 2 was the formula that was given to calculate the wear 
depth, provided that Rp was measured. In this research work, the Wd that was obtained from the 
wear result directly from the wear analysis and the width of wear scar have been used to evaluate 
Rp.  
3. RESULTS AND DISCUSSION 
The results obtained from the microstructural evaluation and the dry sliding wear analysis are 
presented and discussed in this section. 
3.1. Microstructural evaluation 
An analysis was conducted on the two powders under the SEM. Figures 3 (a) and (b) show the 
morphologies of Ti6Al4V and Cu powders used for the laser deposition. The morphologies of the 
two powders are spherically oriented and equiaxed. The Cu particles are heavier and denser than 
that of the Ti6Al4V particles.  
       
 
The microstructures of all the samples were observed under the optical microscope at low and high 
magnifications. Figures 4 (a) to (f) show the macrographs and the microstructures of sample DE1 
produced at a laser power (LP) of 1600 W and a scanning speed (SS) of 0.59 m/min, sample DE5 
produced at a LP of 1397 W and a SS of 0.30 m/min and sample DE6 produced at a LP of 1576 
W and a SS of 0.60 m/min respectively. 
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Figure 4:  Macrographs and Microstructures of the deposited Ti6Al4V/Cu composite: (a and b) 
Sample DE1 with parameters 1600 W and 0.59 m/min ; (c and d) Sample DE5 with parameters 
1397 W and 0.30 m/min; (e and f) Sample DE6 with parameters 1576 W and 0.60 m/min at low 
and high magnification. 
 
An investigation was carried out on the evolving microstructures on samples DE1 to DE7. Figure 
4 (a) shows the macrograph of sample DE1 at low magnification. It was observed that the fusion 
zone (FZ) was not pronounced which indicates the existence of a good deposit and shows no 
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porosity. Figure 4(b) shows the formation of macroscopic banding and disappears as it grows 
towards the FZ. There was also the formation of Widmanstettan structures which occurred as a 
result of the cooling rate [6]. The grain boundaries at the deposit were wider and prominent than 
the FZ and the heat affected zone (HAZ) which was due to the variances in the distribution of the 
heat input as the heat travels from the top of the deposit to the FZ and advances to the HAZ. Figure 
4 (c) of sample DE5 unveils a different macrograph pattern; which makes it to be thicker in volume 
of clad compared to the other samples due to the reduced SS of 0.30 m/min used. Figure 4 (e) of 
sample DE6 and all the other samples demonstrate similar macrograph pattern as the macrograph 
of sample DE1; which was due to the LP used in the range of 1570 W and 1600 W and the SS in 
the range of 0.6 m/min and 0.7 m/min respectively. The FZ and the HAZ of sample DE1 appeared 
similar to that of sample DE6 as well as other samples except sample DE5. In Figure 4 (d) and (f), 
the Widmanstettan structures (basket weave like structures) formed were in two phases which are 
the α-phases and the β-phases. The β-phases were observed to be the white phases and appear finer 
due to the rate of cooling. The α-phases were observed to be the black phases and appear thicker. 
The martensitic structure in this α-phase region of the composites is harder than β-phase region. 
Upon cooling from the β-phase field of the deposited Ti6Al4V/Cu composites, the most densely 
packed planes of the body centered cubic (bcc) of the β-phase transform to the basal planes of the 
hexagonal α-phase [17]. Based on the densely packed atoms in the hexagonal closed pack of α-
phase, diffusion is considerably lower than in bcc β-phase. Alternatively, the diffusion coefficient 
of α-phase matrix is smaller than that of β-phase matrix [17]. The basket weave structures in the 
α-phase were found to be very much more pronounced than the β-phase as shown in Figure 4(d) 
of sample DE5 and this was due to the cooling rate exhibited; and the martensitic structure in this 
region is more prominent and strong. 
 3.2. SEM analysis of wear track 
The SEM images of the wear track surfaces for all the Ti6Al4V/Cu composites and the Ti6Al4V 
composite were analysed. From the SEM that was carried out on the samples, the length of the 
stroke and the width of the wear scar were measured; and the depth of wear was determined from 
the wear result analysed by the system. Figures 5 (a to d) depict the SEM images of the wear track 
of the deposited composites of samples DE1; DE5; DE6 and DE8 respectively.  
 
 
 
 
 Figure 5:  SEM images of the wear track of the deposited composites: (a) sample DE1; (b) sample 
DE5; (c) sample DE6 of Ti6Al4V/Cu composites; (d) sample DE8 of Ti6Al4V composite 
  
The samples were attached to the work piece holder and rub back and forth against the tip of the 
fixed tungsten carbide wearing tool that initiate the wear action. From the rubbing action, abrasive 
wear took place in the samples since the wearing tool is very much harder than the samples. Wear 
debris were found in all the wear samples. Due to the rubbing action, heat was generated which 
makes some debris to cleave to the wear surface and edges. The wear loss experienced in sample 
DE5 was low due to the pronouncement of the (α+β) phase matrix.  The coefficient of friction was 
also very low as compared to other samples DE1, DE6 and DE8. Sample The Cu content included 
in the lattices of the composites has influenced the mechanical properties of the Ti6Al4V based 
composites. The increase in wear resistance is interrelated with the amount of copper. The 
microstructural matrix with the Cu eutectoid increases the wear resistance which leads to loss 
ductility [18]. The ridges observed in sample DE5 were distinct although the wear debris shielded 
some. Also some ridges were observed in Samples DE1 and DE6. The debris observed on samples 
DE1 and DE5 describe their resistance to plastic deformation but the wear resistance in sample 
DE5 was more improved. Sample DE1 also shows a loss of ductility and elastic deformation but 
not as that of sample DE5. The back and forth movement of the samples against the wearing tool 
causes the atomic bond within the grain lattices to dislocate. Sample DE6 demonstrates the swept 
of the wear debris from the plough as observed in Figure 5(c) and shows a high coefficient of 
friction. In sample DE8 which was the composite deposited without Cu inclusion, the cofficient 
of friction was higher and show more swept of the debris as compare to other samples. It shows a 
gain in plastic deformation and ductility.  
3.3. Wear volume/loss characterization 
 
The wear volume/loss of the deposited composites were calculated and achieved through the 
width of wear, length of stroke and the wear of depth initiated by the tungsten carbide ball. Figure 
6 illustrates the histogram plot of the width of wear, length of stroke and the wear of depth for all 
the samples produced in this study. 
 
 
 
 
 
 
 
 Figure 6:  Histogram of the wear width, stroke length and wear depth 
 
Sample DE8 produced at the LP of 1397 W and SS of 0.3 m/min shows the highest wear width 
and depth of wear; and demonstrates a greater ductility and elastic deformation as compared to 
other samples with Cu inclusion. Sample DE5 shows the lowest wear width and wear depth due to 
the improvement in the α+β phase matrixes. This occurrence shows that the width and depth of 
wear is directly proportional to the wear volume and vice versa. The presence of Cu has really 
influenced the wear property of Ti6Al4V alloy and stabilizes the β-phase.  
Figure 7 depicts the pie chart representing the percentage wear volume of all the samples produced 
from DE1 to DE8. 
The highest percentage of wear volume indicates the maximum rate of wear and the advance in 
plastic deformation of the deposited composite. 
  
Figure 7:  Pie chart of the percentage of wear volume of the composites  
 
Sample DE5 produced at the LP of 1397 W and SS of 0.30 m/min shows the lowest percentage of 
4 % of the wear loss. The presence of Cu in the composite and the SS of 0.30 m/min used have 
strong influence on the Ti6Al4V/Cu composites, thereby decreasing in ductility. The absence of 
Cu in sample DE8 initiates its ductility and produced the highest percentage of 28 % of the wear 
volume/loss which was about seven (7) times that of sample DE5 despite the same LP and SS 
used. The percentage wear volume of samples DE1, DE3, DE4 and DE7 are close and fell between 
8 % and 14 %.  
 
4. CONCLUSIONS 
The advancement in the use of laser technology today has greatly open doors for more research 
and development. The enhancements in the mechanical properties of Ti6Al4V alloy have been 
achieved with the addition of Cu and through the characterizations of the Ti6Al4V/Cu composites. 
The composites with good integral properties without voids were achieved in all the Ti6Al4V/Cu 
samples. The formation of Widmanstettan structures occurred as a result of the rate of cooling and 
the diversities in the heat input have strong effect on the grain boundaries towards the FZ and the 
HAZ. The wear volume/loss of the Ti6Al4V/Cu composite of sample DE5 produced with the LP 
of 1397 W and the SS of 0.30 m/min was less pronounced than the other samples and this 
phenomenon was due to the loss of ductility and plastic deformation. The Cu contents included in 
the lattices of Ti6Al4V alloy have influenced the mechanical properties of the composites. 
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